Abstract: Nanopore DNA sequencing devices show promise for rapidly decoding genetic information, although single nucleotide detection appears to be beyond the sensitivity of present transmembrane current measurement schemes. In this paper, a nanodevice combining nanoelectrodes with a nanopore was made to measure the nucleotide dependent transverse tunneling currents during the translocation of DNA through the nanopore. A custom high speed, low noise, integrated circuit current amplifier was designed and fabricated to measure the tunneling current. This nanodevice was characterized electrically using 2nm to 20nm gold nanoparticles as an artificial construct for DNA using both DC and AC detection schemes. Measured transverse tunneling currents were found to be quantized, probably according to the number of nanoparticles residing within the pore.
INTRODUCTION
Rapid DNA sequencing promises to initiate a new era of personal genomics, opening new vistas of data for research and enriching medical preventative, diagnostic, and treatment capabilities. Resistive pulse sensors, such as the Coultier Counter [1] or biological [2] and synthetic nanopores [3] , have been developed to obtain structural information about linear biopolymers such as DNA, RNA, and protein molecules. These sensors measure modulation of electrical current as a polymer traverses a small orifice connecting two adjacent liquid compartments. The biopolymer or bioparticle partially blocks current flowing through the orifice and is sensed by a concurrent reduction in the transmembrane current density.
Although it has been shown that resistive pulse sensors are capable of distinguishing the presence of DNA or RNA within the pore [4] and even discriminating between poly purine and poly pyrimidine oligomers, for instance between poly A and poly C, or between the A and C nucleotides in A (30) C (70) Gp [5] , single nucleotide discrimination remains elusive. This is primarily because capacitive effects of the membrane obscure the current signal at high transit speeds, there is insufficient size discrimination between the two purine and two pyrimidine bases, and multiple nucleotide bases are simultaneously present within the pore. These difficulties are illustrated by the contrast between the highest frequency measurements of transmembrane current blockades, reported to be in the 10 kHz range, and the expected residence time of a single DNA base in the nanopore of less than 1 µs (1 MHz -1 ) [6] . Clearly a faster, more sensitive detection mechanism is needed. This paper describes the fabrication and testing of a unique high speed DNA sequencer that combines the high sensitivity of scanning tunneling microscopy with the high speed and single molecule selectivity of the nanopore geometry (Fig. 1) . Voltage applied across a thin silicon nitride membrane separating two liquid compartments electrophoretically draws DNA (or another biopolymer) through a nanopore in the membrane.
Another independent voltage is applied across metal electrodes located at the periphery of the nanopore, and the tunneling 1-4244-0842-3/07/$20.00©2007 IEEE
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The 14th International Conference on Solid-State Sensors, Actuators and Microsystems, Lyon, France, June 10-14, 2007 current is measured as the nucleotides traverse the pore. This current is sensitive to the molecular electron distribution within each nucleotide and serves to uniquely identify individual bases comprising the DNA. The sense electrodes are sandwiched between two layers of silicon nitride for isolation and encapsulation from the solution, with the exception of exposure at the edge of the nanopore.
Fig. 1 Cross section diagram of device (left) and output signal (right) for sequencing DNA

FABRICATION
Nanopore Fabrication
Nanopores ranging in diameter from 50nm to 0.75nm have been made in ultrathin silicon nitride membranes (Fig. 2 ) using a novel e-beam nanomachining technique developed by the authors [7] .
Fig. 2 Plan view transmission electron micrographs of nanopores ranging in size from 1nm to 10nm
The mechanism of this e-beam nanomachining was studied by TEM visualization and in-situ electron energy loss spectroscopy (EELS) (Fig. 3) . The linear loss curves for silicon and nitrogen suggest that sputtering from the back surface layers combined with knock-on displacement of vacancies in the bulk is responsible for nanopore formation. 
Nanoelectrode Integration
Transverse nanoelectrodes were integrated with the nanopore by first forming them on an ultrathin silicon nitride membrane first. An array of nanoelectrodes was formed by electron beam lithography and lift-off metallization and subsequently imaged via TEM. A select set of nanoelectrodes were then connected electrically using focused ion beam deposition and encapsulated with PECVD nitride. The e-beam nanomachining technique then formed a nanopore aligned to the nanoelectrode gap (Fig. 4) .
Fig. 4 Plan view transmission electron micrograph of a typical nanopore device showing nanofabricated electrodes (a) and nanopore (b)
CURRENT AMPLIFIER
An ultra-low noise, high-speed picoammeter ASIC based on a 0.35 µm CMOS process with a 3.3V supply voltage was designed and fabricated for direct integration with the nanopore device [8] . Special circuit techniques reduce thermal and A unique modified cascode architecture (Fig. 5) increases the unity gain bandwidth and DC gain, and 12-bit digital trimming reduces the DC offset voltage. This amplifier is applicable to other systems requiring detection of low-level currents at high speed.
Fig. 5 Circuit diagram (left) and die photograph (right) of custom low current high speed operational amplifier
CHARACTERIZATION
In this paper, two methods for characterizing the electrical behavior of the device are presented, employing gold nanoparticles with diameters ranging from 2nm to 20nm.
DC Electrical Characterization
In the DC scheme, a constant voltage is applied across the nanoelectrodes while the current flowing into one electrode is recorded as a function of time. Current pulses, with durations corresponding to residence time and magnitude corresponding to analyte size, have been detected (Fig. 6) as gold nanoparticles randomly pass between the nanoelectrodes. 
AC Electrical Characterization
In the AC scheme, a small alternating voltage is applied across the electrodes and current flowing into one electrode is analyzed using a lock-in amplifier. The magnitude and phase of the current with respect to the excitation voltage are used to determine the complex admittance. The AC voltage causes a small attractive dielectrophoretic force to act on the gold nanoparticles, drawing them into the electrode gap.
When the frequency is fixed, variations in the complex admittance correspond to changes in the system. In the presence of gold nanoparticles (5nm to 20nm), spontaneous quantized variations in the admittance are observed over time (Fig. 7) . These quantized values are thought to correspond to different physical configurations of the nanoparticles within the nanopore.
The nanoparticles are attracted to the electrode by dielectrophoretic forces and remain in a metastable state until dislodged by an external stimulus, e.g. mechanical vibrations.
Fig. 7 Variations in measured admittance magnitude and phase during constant frequency AC excitation (20nm gold nanoparticles in water)
By rapidly sweeping the frequency, Bode plots of the frequency response can be generated and compared to lumped parameter circuit models. The models give insight into the physical mechanisms governing the system. Interfacial capacitance and solution resistance can be subtracted from the electrical response leaving only the characteristics of the material residing in the nanopore, which helps determine how the nanoparticle configurations are changing within the nanopore (Fig. 8) . The real part of the nanoelectrode admittance versus the imaginary part (not shown) changes in a roughly linear fashion with frequency when nanoparticles are present in the nanopore, which suggests nonlinear processes such as tunneling or resonant tunneling are involved.
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CONCLUSIONS
A nanopore device with integrated transverse nanoelectrodes, designed to measure tunneling current during the translocation of a DNA strand, has been fabricated, along with a custom integrated circuit current amplifier. This device has been characterized with gold nanoparticles in solution as a model for DNA, demonstrating extraction of lumped parameter equivalent circuit values and quantized states which likely correspond to various physical nanoparticle configurations within the nanopore.
